EPJ manuscript No. (will be inserted by the editor)

Quest for precision in hadronic physics at low energies: Monte Carlo tools vs. experimental data^⋆

First author^1 and Second author^{2a}

1 Insert the first address here 2 the second here

Received: date / Revised version: date

Abstract. Insert your abstract here.

PACS. PACS-key discribing text of that key – PACS-key discribing text of that key

1 Introduction

The systematic comparison of the Standard Model (SM) predictions with very precise experimental data served in the last few decades as an invaluable tool to test the theory at the quantum level. It has also provided stringent constraints on many “new physics” scenarios. The (so far) remarkable agreement between the precise measurements of the electroweak observables and their SM predictions is a striking experimental confirmation of the theory, even if there are a few observables where the agreement is not so satisfactory. On the other hand, the Higgs boson has not yet been observed, and there are strong theoretical arguments hinting at the presence of physics beyond the SM. Future colliders, like the upcoming LHC or an e^+e^− International Linear Collider (ILC), will hopefully answer many such questions, offering at the same time great physics potential and a new challenge to provide even more precise theoretical predictions.

Precision tests of the Standard Model requires appropriate inclusion of higher order effects and the knowledge of very precise input parameters. One of the basic input parameters is the fine-structure constant α which depends logarithmically on the energy scale. It can be determined at zero momentum transfer with an impressive accuracy of 0.37 parts per billion (ppb) [1] from the measurement of the anomalous electron magnetic moment [1], relying on the validity of the perturbative QED. At Z-mass scale the shift of the fine-structure constant involves low energy non-perturbative hadronic effects, which causes a dramatic reduction of accuracy, by several orders of magnitude [2–5]. These low energy strong-interaction effects

⋆ Report of the Working Group on on Radiative Corrections and MC Generators for Low Energies (Radio Montecar- Low)with participation of FLAVIAnet Working Group on Radiative return and Monte Carlo tools.

a Present address: Insert the address here if needed can be computed from hadronic e^+e^− annihilation data via the dispersion relation [6]:

Δα^{(5)}_{had}(M^2_Z ) = − ( αM^2_Z 3π ) Re ∫_∞

4m^2_π ds R(s) s(s − M^2_Z − iϵ) , (1) where R(s) = σ^{(0)}(s)/(4πα^2/3s) and σ^{(0)}(s) is the total cross section for e^+e^− annihilation into any hadronic state.

The current accuracy of this dispersive integral is of the order of 1%, dominated by the error on the hadronic cross section measurement in the energy region below few GeV [7–10,2–5,11–14]. This error represents the largest source to the uncertainty of the effective electromagnetic coupling constant, (recent evaluations gives Δα(M^2_Z ) = 22 × 10^{−5} [5,14]), becoming a limiting factor on the effective electroweak mixing parameter sin^2 θ_f , and in turn on the prediction of the Higgs mass [15]. Table 1 (from Ref. [2]) shows that an uncertainty δΔα^{(5)}_{had} ∼ 5 × 10^{−5}, needed for precision physics at a future linear collider, requires the measurement of the hadronic cross section with a precision of O(1%) from threshold up to the Υ peak.

δΔα^{(5)}_{had} ×10^5 δ(sin^2θ^{lept}_{eff} )×10^5 Request on R

22 7.9 Present

7 2.5 δR/R ∼ 1% up to J/ψ

5 1.8 δR/R ∼ 1% up to Υ

Table 1. [2] Values of the uncertainties δΔα^{(5)}_{had} (first column) and the errors induced by these uncertainties on the theoretical SM prediction for sin^2θ^{lept}_{eff} (second column). The third column indicates the corresponding requirements on the R measurement.

Like the effective fine-structure constant at the scale M_Z , the SM determination of the anomalous magnetic moment of the muon a_μ is presently limited by the evaluation of the hadronic vacuum polarisation effects, which cannot be computed perturbatively. However, using analyticity and unitarity, it was shown long ago that this term can be computed from hadronic e^+e^− annihilation data via the dispersion integral [16]

a^{HLO}_μ = (1/4π^3)

∫_∞

4m^2_π

ds K(s)σ^{(0)}(s)

= (α^2/3π^2)

∫_∞

4m^2_π

ds K(s)R(s)/s . (2)

The kernel function K(s) decreases monotonically for increasing s. This integral is similar to the one entering the evaluation of the hadronic contribution Δα^{(5)}_{had}(M^2_Z ) in Eq. (1). Here, however, the weight function in the integrand gives a stronger weight to low-energy data. A recent compilations of e^+e^− data gives [17]:

a^{had}_μ = (695.5 ± 4.1) × 10^{−10} . (3)

Similar values are obtained by other groups [14,18–20].

By adding this contribution to the rest of the SM contributions, a recent update of the SM prediction of a_μ, which uses the result in [21] gives [17,22]:

a^{SM}_μ = 116591834(49) × 10^{−11}. The difference with the experimental average [23], a^{exp}_μ = 116592080(63) × 10^{−11}. is then Δa_μ = a^{exp}_μ − a^{SM}_μ = +246(80) × 10^{−11}, i.e., 3.1 standard deviations (all errors were added in quadrature). Slightly higher discrepancies are obtained in Refs. [14,19, 20] . As in the case of α(M^2_Z ), the uncertainty on the theoretical evaluation of a_μ is still dominated by the hadronic contribution, and a reduction of the uncertainty is necessary in order to match the precision of the proposals experiments on the measurement of a_μ at FNAL [24] and J-PARK [25].

Precise determination of the hadronic cross sections (accuracy ≤ 1%) requires a deep control of high order effects like Radiative Corrections (RC) and non-perturbative hadronic contribution to the running of α (vacuum polarisation, VP) into Monte Carlo (MC) programs. Particularly in the last years, the increasing precision reached on the experimental side at the e^+e^− colliders (VEPP- 2M, DAϕNE, BEPC, PEP-II and KEKB) led to the development of dedicated high precision theoretical tools: Babayaga (and its successor Babayaga@NLO) for the measurement of the luminosity, MCGPJ for the simulation of the exclusive QED channels, and PHOKHARA for the simulation of the process e^+e^− → hadrons + γ, are examples of MC generators which include NLO corrections with per mill accuray. In parallel to these new efforts, welltested codes such as BHWIDE (developed for LEP/SLC colliders) were adopted.

Theoretical accuracies of these generator were estimated, whenever possible, by evaluating high order missing contributions (from this point of view, the great progress in the calculation of two-loop corrections to the Bhabha scattering cross section was essential to establish the theoretical accuracy of the existing generators for the luminosity measurement). Usually only analytical or semianalytical estimates of missing terms exist which don’t take into account realistic experimental cuts. In addition MC event generators include different parametrisation for the VP, which affect the prediction (and the precision) of the cross sections, and RC are usually implemented with different formulations.

From the above arguments it becomes evident how important are the comparisons of MC generators for a common set of input parameters and experimental cuts. Such a tuned comparisons, which started in the LEP era, are a key step in the validation of the generators, since it allows to check that the different details entering the complex structure of the generators themselves are under control, and free by possible bugs. This was the main motivation for the “Working Group on Radiative Corrections and Monte Carlo tools”, (RADIO MONTECARLO), which was formed 3 years ago bringing together experts (theorists and experimentalists) working on the field of low energy e^+e^− physics and partly also the τ community.

In addition to tuned comparisons, the technical details of the MC generators, the recent progress (like new calculations), and the open issues were also discussed in regular meetings.

This report is a summary of all these efforts: it provides a self-contained and up-to-date description of the progress occurred in the last years towards precision hadronic physics at low energy, together with new original results like comparisons and estimates of high order effects (like pion pair correction to the Bhabha process) in presence of realistic experimental cuts.

The report is divided in five sections: the first three are devoted to the status of the MC tools for Luminosity R-scan, and Initial State Radiation (ISR), respectively.

Tau spectral function in hadronic decays are also used to estimate a^{had}_μ , since they can be related to to e^+e^− annihilation cross section via isospin symmetry [26–29]. The substantial difference between the e^+e^−- and τ-based determinations of a^{had}_μ , even if isospin violation corrections are taken into account, shows that further common theoretical and experimental efforts are necessary to understand this phenomenon. Section four discusses the experimental status and MC tools for tau decays. The recent improvements in generators TAUOLA and PHOTOS are discussed there and prospectives for further developments are sketched.

The section five focuses on the theoretical treatment of non-perturbative effects of light quarks to the Vacuum Polarisation, which is a key ingredient in the high precision measurement of the hadronic cross section.

2 Luminosity

luminosity [30]

3 Scan

scan

4 Radiative return

radiative return

5 Vacuum polarization

vacuum polarization

6 Tau physics

tau physics

7 Summary

summary

References

1. D. Hanneke, S. Fogwell, G. Gabrielse, Phys. Rev. Lett.

100, 120801 (2008), 0801.1134 2. F. Jegerlehner, J. Phys. G29, 101 (2003), hep-ph/0104304 3. F. Jegerlehner, Nucl. Phys. Proc. Suppl. 131, 213 (2004),

hep-ph/0312372

4. F. Jegerlehner, Nucl. Phys. Proc. Suppl. 162, 22 (2006),

hep-ph/0608329

5. F. Jegerlehner, Nucl. Phys. Proc. Suppl. 181-182, 135 (2008), 0807.4206 6. N. Cabibbo, R. Gatto, Phys. Rev. 124, 1577 (1961) 7. S. Eidelman, F. Jegerlehner, Z. Phys. C67, 585 (1995),

hep-ph/9502298

8. M. Davier, A. Hocker, Phys. Lett. B419, 419 (1998),

hep-ph/9711308

9. H. Burkhardt, B. Pietrzyk, Phys. Lett. B513, 46 (2001) 10. H. Burkhardt, B. Pietrzyk, Phys. Rev. D72, 057501 (2005), hep-ph/0506323 11. F. Jegerlehner, Nucl. Phys. Proc. Suppl. 126, 325 (2004),

hep-ph/0310234

12. F. Jegerlehner (2003), hep-ph/0308117 13. K. Hagiwara, A.D. Martin, D. Nomura, T. Teubner, Phys.

Rev. D69, 093003 (2004), hep-ph/0312250 14. K. Hagiwara, A.D. Martin, D. Nomura, T. Teubner, Phys.

Lett. B649, 173 (2007), hep-ph/0611102 15. (2008), 0811.4682 16. M. Gourdin, E. De Rafael, Nucl. Phys. B10, 667 (1969) 17. M. Davier, A. Hoecker, B. Malaescu, C.Z. Yuan, Z. Zhang (2009), 0908.4300 18. F. Jegerlehner, Nucl. Phys. Proc. Suppl. 181-182, 26 (2008) 19. F. Jegerlehner, A. Nyffeler, Phys. Rept. 477, 1 (2009),

0902.3360

20. S.I. Eidelman (2009), 0904.3275 21. J. Prades, E. de Rafael, A. Vainshtein (2009), 0901.0306

22. J. Prades (2009), 0909.2546 23. G.W. Bennett et al. (Muon G-2), Phys. Rev. D73, 072003 (2006), hep-ex/0602035 24. R.M. Carey et al. (????), fERMILAB-PROPOSAL-0989 25. J. Imazato, Nucl. Phys. Proc. Suppl. 129, 81 (2004) 26. R. Alemany, M. Davier, A. Hocker, Eur. Phys. J. C2, 123 (1998), hep-ph/9703220 27. M. Davier, S. Eidelman, A. Hocker, Z. Zhang, Eur. Phys.

J. C27, 497 (2003), hep-ph/0208177 28. M. Davier, S. Eidelman, A. Hocker, Z. Zhang, Eur. Phys.

J. C31, 503 (2003), hep-ph/0308213 29. M. Davier et al. (2009), 0906.5443 30. G. Balossini, C.M. Carloni Calame, G. Montagna, O. Nicrosini, F. Piccinini, Nucl. Phys. Proc. Suppl. 162, 59 (2006), hep-ph/0610022